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ABSTRACT
We report on the optical properties of infrared (IR)-bright dust-obscured galaxies (DOGs) that are defined as
(i− [22])AB ≥ 7.0. Because supermassive black holes (SMBHs) in IR-bright DOGs are expected to be rapidly growing
in the major merger scenario, they provide useful clues for understanding the co-evolution of SMBHs and their host
galaxies. However, the optical properties of IR-bright DOGs remain unclear because the optical emission of a DOG
is very faint. By combining ∼ 105 deg2 images of the optical, near-IR, and mid-IR data obtained from the Subaru
Hyper Suprime-Cam (HSC) survey, the VISTA VIKING survey, and the WISE all-sky survey, respectively, 571 IR-
bright DOGs were selected. We found that IR-bright DOGs show a redder (g − z)AB color than other populations of
dusty galaxies, such as ultra-luminous IR galaxies (ULIRGs) at a similar redshift, with a significantly large dispersion.
Among the selected DOGs, star-formation (SF) dominated DOGs show a relatively red color, while active galactic
nucleus (AGN) dominated DOGs show a rather blue color in optical. This result is consistent with the idea that
the relative AGN contribution in the optical emission becomes more significant at a later stage in the major merger
scenario. We discovered eight IR-bright DOGs showing a significant blue excess in blue HSC bands (BluDOGs). This
blue excess can be interpreted as a leaked AGN emission that is either a directly leaking or a scattered AGN emission,
as proposed for some blue-excess Hot DOGs in earlier studies.
Keywords: galaxies: active — galaxies: starburst — infrared: galaxies — methods: statistical
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1. INTRODUCTION
It is widely recognized that there are some tight
scaling relations between the mass of supermassive
black holes (SMBHs) and properties of the host galaxy,
such as the stellar mass (e.g., Magorrian et al. 1998;
Marconi & Hunt 2003; Gu¨ltekin et al. 2009). Such scal-
ing relationships are now regarded as observational ev-
idence suggesting the so-called co-evolution of galaxies
and SMBHs, i.e., galaxies and SMBHs have evolved
with a close interplay during the cosmological timescale
(see Kormendy & Ho 2013 for a review). One impor-
tant question about this co-evolution is how mass ac-
cretion onto SMBHs is triggered, because the angular
momentum prevents gas at the nucleus from accret-
ing onto the SMBH. Therefore, it has been proposed
that a major merger of two (or more) gas-rich galax-
ies is an efficient path to trigger mass accretion onto a
SMBH (e.g., Sanders et al. 1988; Hopkins et al. 2006).
In such scenarios, the gas-rich galaxy merger first causes
active star formation (SF), and then gas accretion to
the nuclear region triggers the activity of SMBHs that
will be recognized as an active galactic nucleus (AGN).
However, the most active period of this SF phase and
AGN phase is generally obscured by heavy dust, which
prevents us from investigating these phases observation-
ally. Another difficulty with investigating such active
systems is the rareness of galaxies in the very active
phase, because the timescale of the most active phase of
the co-evolution is expected to be short (e.g., Dey et al.
2008; Hopkins et al. 2008).
Recently, dust-obscured galaxies (DOGs, Dey et al.
2008) shed light on this issue, because SMBHs in
DOGs are expected to be rapidly growing during the
co-evolution. DOGs are originally defined as galax-
ies that are bright in mid-infrared (MIR), while faint
in optical. Specifically, (R − [24])AB ≥ 7.5 mag (i.e.,
Fν(24µm)/Fν(R) & 1000), Dey et al. 2008; Fiore et al.
2008). In the context of the gas-rich major merger
scenario, it is expected that the SF phase evolves into
the AGN phase because the merging event leads to
the active SF, while the gas accretion onto the nucleus
caused by such a merger requires some time (see, e.g.,
Davies et al. 2007; Hopkins 2012; Matsuoka et al. 2017).
Because such active galaxies are expected to be heav-
ily surrounded by dust, DOGs potentially correspond
to galaxies in the SF phase or AGN phase (Dey et al.
2008; Hopkins et al. 2008). DOGs are classified into two
sub-classes based on their spectral energy distribution
(SED): “Bump DOGs” and “Power-Law (PL) DOGs”
(Dey et al. 2008). The bump DOGs show a rest-frame
1.6 µm stellar bump in their SEDs, while the PL DOGs
show a power-law feature on their SEDs. Therefore,
it is considered that the bump DOGs correspond to
galaxies in SF mode (Desai et al. 2009; Bussmann et al.
2011), while the PL DOGs correspond to galaxies in the
AGN phase (Fiore et al. 2008; Bussmann et al. 2009;
Melbourne et al. 2012). The fraction of PL DOGs
among all DOGs increases with increasing MIR flux
density (e.g., Dey et al. 2008; Toba et al. 2015), which is
similar to the behavior of the luminosity dependence of
the AGN fraction in ultraluminous infrared (IR) galax-
ies (ULIRGs; see Sanders & Mirabel 1996 for a review).
The comoving number density of DOGs shows its peak
at z ∼ 1 − 2 (e.g., Dey et al. 2008; Toba et al. 2017)
that corresponds to the peak of star formation rate den-
sity and the growth rate of SMBHs (e.g., Richards et al.
2006; Madau & Dickinson 2014). This strongly suggests
that DOGs are related to the most active objects in
terms of the co-evolution between galaxies and SMBHs.
In this sense, DOGs with a high IR luminosity poten-
tially harbor a rapidly growing SMBH and are therefore
important for understanding the co-evolution of galaxies
and SMBHs.
The difficulty in studying statistical properties of
DOGs is caused by their low number density and op-
tical faintness, which requires optical imaging surveys
with a wide survey area and sufficient sensitivity. Such
optical surveys are now feasible, thanks to the Sub-
aru Hyper Suprime-Cam (HSC; Miyazaki et al. 2012;
Miyazaki et al. 2018). One of the legacy surveys us-
ing the Subaru HSC is the Subaru Strategic Program
(SSP; Aihara et al. 2018a), which consists of three lay-
ers (Ultra Deep, Deep, and Wide). Notably, the HSC-
SSP wide-field survey is now going on to observe north-
ern areas of 1400 deg2 down to rlim = 26.1 [AB mag].
This survey is extremely powerful for constructing a
statistical sample of IR-bright DOGs1 whose number
densities are quite low (logφ = −6.59 ± 0.11 Mpc−3;
Toba et al. 2015). Toba et al. (2015) conducted a pilot
survey of such IR-bright DOGs for ∼9 deg2 by com-
bining optical, near-IR (NIR), and MIR imaging data
that were obtained from the HSC-SSP early data re-
lease catalog (S14A2), the VISTA Kilo-degree Infrared
Galaxy survey (VIKING; Arnaboldi et al. 2007) data re-
lease (DR) 13, and the Wide-field Infrared Survey Ex-
plorer (WISE ; Wright et al. 2010) ALLWISE catalog,
1 Here we use the term “IR-bright DOGs” without any quanti-
tative definition. See Sections 2.1.2 and 4.1 for some descriptions
of the IR flux of HSC-selected DOGs.
2 The S14A catalog was released internally within the HSC
survey team and is based on data obtained from March 2014 to
April 2014.
3 https://www.eso.org/sci/observing/phase3/data releases/
viking dr1.pdf
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respectively. They discovered 48 IR-bright DOGs and
investigated their statistical properties in NIR and MIR.
However, they did not investigate the rest-frame ultra-
violet (UV) and optical properties of IR-bright DOGs
because only two optical bands (i and y band) were
available in the HSC-SSP S14A data (see Toba et al.
2015).
Recently, Assef et al. (2016) discovered objects with
blue excess in the rest-frame UV among the “hot” dust-
obscured galaxies (Hot DOGs; Eisenhardt et al. 2012;
Wu et al. 2012), which are characterized by relatively
hotter dust than in normal DOGs (see Wu et al. 2012
for more detail). Assef et al. (2016) reported that Hot
DOGs are not always red in the rest-frame UV/optical;
in such Hot DOGs, AGN emission leaked from the nu-
cleus may cause a blue excess (Assef et al. 2016). Thus,
it is worth investigating whether such a blue excess is
also seen in IR-bright DOGs that are in the most active
phase of the co-evolution. Because the physical nature
of IR-bright DOGs is still unexplored, detailed studies of
rest-frame UV and optical properties of IR-bright DOGs
may provide us with new knowledge on this interesting
population of galaxies. Ross et al. (2015) also discov-
ered such a blue excess in the optical spectra of quasars
with a very red SED (Fν(24µm)/Fν(R) & 1000). These
very red quasars may be in a transition phase from typ-
ical DOGs to unobscured quasars.
This research aims at studying, for the first time,
the statistical properties of IR-bright DOGs in the rest-
frame UV and optical wavelengths based on the latest
data release catalog of the HSC-SSP, the VIKING, and
the WISE surveys. This paper is organized as follows:
We describe the sample selection of IR-bright DOGs and
the classification into bump DOGs and PL DOGs in
Section 2. In Section 3, we describe the obtained op-
tical properties of IR-bright DOGs, and we discuss the
results in Section 4. We give a summary in Section 5.
Throughout this paper, the adopted cosmology is a flat
universe with H0 = 70 km s
−1 Mpc−1, ΩM = 0.3, and
ΩΛ = 0.7. Unless otherwise noted, all magnitudes refer
to the AB system.
2. DATA ANALYSIS
2.1. Sample selection
In this study, we selected IR-bright DOGs based on
a similar selection procedure as Toba et al. (2015). In
sum, we selected IR-bright DOGs by combining the
WISE all-sky data and the deep optical imaging data
obtained with the Subaru HSC. However, it is some-
times difficult to identify the optical counterparts of
WISE sources because the spatial resolution of WISE
is far lower than that of HSC. We therefore utilized
Table 1. Differences between the catalogs in Toba et al. (2015)
and this study
Toba et al. (2015) This study
Optical data HSC S14A wide HSC S16A wide2
Photometric bands i, y g, r, i, z, y
Number of objects 16,392,815 293,520,279
NIR data VIKING DR1 VIKING DR2
Photometric bands Z, Y, J,H,Ks Z, Y, J,H,Ks
Number of objects 14,773,385 46,270,162
MIR data ALLWISE ALLWISE
Photometric bands W 1,W 2,W 3,W 4 W 1,W 2,W 3,W 4
Number of objects 747,634,026 747,634,026
Note—W 1, W 2, W 3, and W 4 denote 3.4 µm, 4.6 µm, 12 µm,
and 22 µm band, respectively.
NIR imaging data to pre-select relatively red objects
among the HSC-detected objects, in the same manner
as Toba et al. (2015). Figure 1 shows the flow chart of
our sample selection process. With this algorithm, we
found 571 IR-bright DOGs over 105 deg2. The details
of the catalogs, matching procedure, and the DOG se-
lection procedure are given in subsequent subsections.
2.1.1. Catalogs
In this study, we used the HSC catalog data (opti-
cal), VIKING catalog data (NIR), and WISE catalog
data (MIR). Differences between the catalogs adopted
in Toba et al. (2015) and this study are summarized in
Table 1. Table 2 summarizes the details of the photo-
metric bands used in this study.
HSC is a wide-field optical imaging camera in-
stalled at the prime focus of the Subaru Telescope,
which has a wide field-of-view with a 1.5 deg di-
ameter (Miyazaki et al. 2018; Komiyama et al. 2018;
Kawanomoto et al. in prep.; Furusawa et al. 2018).
The total survey area of S16A data observed by HSC-
SSP is wider than that of S14A data (the total survey
area of S14A wide is 24 deg2). The S16A catalog was
released internally within the HSC survey team and is
based on data obtained from March 2014 to April 2016.
The total survey area of the S16A wide2 is 456 deg2,
which is observed with five bands (full color). Among
the observed area, 178 deg2 have the planned full depth
data for all five bands. S14A data has only two bands
(i and y), while S16A data has five bands (g, r, i, z
4 Noboriguchi et al.
HSC S16a wide2 forced catalog
293,520,279
VIKING DR2
46,270,162
ALLWISE
747,634,026
g, r, i, z, y
flux_err > 0
SN ≥ 5
NOT flags_pixel_bad
NOT flags_pixel_edge
NOT flags_pixel_cr_center
NOT centroid_sdss_flags
NOT cmodel_flux_flags
NOT flags_pixel_saturated_center
NOT flags_pixel_bright_object_any
AND
gri_offset from patch_qa < 0.075
riz_offset from patch_qa < 0.075
izy_offset from patch_qa < 0.075
AND
merge_measurement_i
detect_is_primary
gcountinputs ≥ 3
rcountinputs ≥ 3
icountinputs ≥ 5
zcountinputs ≥ 5
ycountinputs ≥ 5
dec ≤ 2.5
16,680,947 yes
kspperrbits=0
and
primary_source=1
and
SN(Ks mag) ≥ 5
13,455,180 yes
w4sat=0
and
w4cc_map=0
and
ext_flg=0
and
SN(W4 mag) ≥ 3
9,439,990 yes
Cross-match with VIKING
search radius ≤ 1"
1,534,327 yes
(i−Ks) ≥ 1.2AB
707,924 yes
HSC-VIKING sample
Cross-match with ALLWISE
search radius ≤ 3"
1,915 yes
(i− [22]) ≥ 7.0AB
571 yes IR-bright DOGs
Figure 1. Flow chart of the sample selection process
and y) (Aihara et al. 2018b). Therefore, the optical
properties of the IR-bright DOGs in Toba et al. (2015)
were not investigated. In this study, we use a forced
photometric catalog of the S16A release (Aihara et al.
2018b) because the same physical region should be in-
vestigated for measuring photometric colors (i.e., multi-
band magnitudes). The data observed by HSC were an-
alyzed through an HSC pipeline (hscPipe version 4.0.2;
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Table 2. Photometric bands in the catalogs used in this study
Catalog Band λcenter FWHM mlim (5σ) Ref.
[µm] [µm] [AB mag]
HSC S16A g 0.47 0.15 26.5 [1], [2]
wide2 r 0.62 0.16 26.1
i 0.77 0.15 25.9
z 0.89 0.08 25.1
y 1.00 0.14 24.4
VIKING DR2 Z 0.88 0.10 23.1 [3], [4]
Y 1.02 0.09 22.3
J 1.25 0.17 22.1
H 1.65 0.29 21.5
Ks 2.15 0.31 21.2
ALLWISE W 1 3.47 0.64 19.6 [5]
W 2 4.64 1.11 19.3
W 3 13.22 6.28 16.4
W 4 22.22 4.74 14.5
Note—FWHM and λcenter are FWHM = λred − λblue, and
λcenter = λblue + 0.5 × FWHM, respectively, where λblue is the
blue side wavelength with the half maximum transmission, and
λred is the red side wavelength with the half maximum trans-
mission.
[1] http://hsc.mtk.nao.ac.jp/ssp/survey/
[2] https://www.subarutelescope.org/Observing/Instruments/
HSC/sensitivity.html
[3] https://www.eso.org/sci/publications/messenger/archive/
no.154-dec13/messenger-no154-32-34.pdf
[4] http://casu.ast.cam.ac.uk/surveys-projects/vista/technical/
filter-set
[5] http://wise2.ipac.caltech.edu/docs/release/allsky/
Bosch et al. 2018) developed by the HSC software team
using codes from the Large Synoptic Survey Telescope
(LSST; LSST Science Collaboration et al. 2009) soft-
ware pipeline 4 (Ivezic et al. 2008; Axelrod et al. 2010).
The photometric calibration is based on the Panoramic
Survey Telescope and Rapid Response System (Pan-
STARRS) 1 imaging survey data (Magnier et al.
2013; Schlafly et al. 2012; Tonry et al. 2012). In
this study, we use the Galaxy And Mass Assembly
(GAMA: Driver et al. 2009; Driver et al. 2011) 9hr field
(GAMA09H), 15hr field (GAMA15H), WIDE12H, and
4 https://www.lsst.org/files/docs/LSSToverview.pdf
Table 3. Survey area of this study
Field R.A. (J2000) [deg] Decl. (J2000) [deg]
XMM-LSS 28.0 ... 42.0 −8.0 ... 0.0
GAMA09H 125.0 ... 145.0 −3.0 ... +2.5
WIDE12H 170.0 ... 190.0 −3.0 ... +2.5
GAMA15H 205.0 ... 230.0 −3.0 ... +2.5
the X-ray Multi-Mirror Mission Large Scale Structure
Survey (XMM-LSS: Pierre et al. 2016) (Table 3), be-
cause these fields overlap with VIKING fields. The
limiting magnitudes (5σ, 2′′ diameter aperture) of the
HSC g band, r band, i band, z band, and y band
are 26.5, 26.1, 25.9, 25.1, and 24.4 mag, respectively
(Table 2). As shown in Table 1, the number of HSC
sources in the S16A database is larger than that in
the S14A database, which is because of the wider area
covered by the S16A database (note that the limit-
ing depth of an HSC image is the same in S14A and
S16A). Hereafter, we use the cmodel magnitude, which
is estimated by a weighted combination of exponen-
tial and de Vaucouleurs fits to the light profile of each
object (Lupton et al. 2001; Abazajian et al. 2004), for
investigating photometric properties of the sample after
correcting for Galactic extinction (Schlegel et al. 1998).
The VIKING is a wide area NIR imaging survey
with five bands (Z, Y , J , H , and Ks) observed with
the VISTA Infrared Camera on the VISTA telescope
(Dalton et al. 2006). We use the DR25 catalog in this
study. The limiting magnitudes (5σ, 2′′ diameter aper-
ture) of Z band, Y band, J band, H band, andKs band
are 23.1, 22.3, 22.1, 21.5, and 21.2 mag, respectively (Ta-
ble 2). As the survey depths of VIKING DR1 and DR2
are the same, the larger number of objects in DR2 data
is caused by the increased survey area in DR2. We use
2′′-aperture magnitudes in our analysis. The VIKING
NIR magnitudes are also corrected for Galactic extinc-
tion (Schlegel et al. 1998).
The WISE is a satellite that has obtained sensitive
all-sky images in the MIR bands (3.4, 4.6, 12, and 22
µm). We used the ALLWISE catalog (Wright et al.
2010; Cutri & et al. 2014) in this study. Although the
sensitivity depends on the sky position, the sensitivity
at 3.4, 4.6, 12, and 22 µm is generally better than 0.054,
5 https://www.eso.org/sci/observing/phase3/data releases/
viking dr2.pdf
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0.071, 1, and 6 mJy (i.e., those limiting magnitudes are
better than 19.6, 19.3, 16.4, and 14.5 mag), respectively
(Table 2). We use profile-fitting magnitudes for analyz-
ing the WISE photometric information (Wright et al.
2010).
2.1.2. Clean samples
In selecting the DOGs, we first made clean samples
composed of only properly detected objects. The HSC
S16A wide2 forced catalog contains 293,520,279 objects.
Based on the selection procedure of Toba et al. (2015),
we excluded objects with photometry that is not prop-
erly measured (see Figure 1). Specifically, objects af-
fected by bad pixels, cosmic rays, neighboring bright ob-
jects, saturated pixels, or the edge of charge-coupled de-
vices (CCDs) were removed from the sample by utilizing
the following flags: flags pixel bad, flags pixel cr center,
flags pixel bright object any, flags pixel saturated center,
and flags pixel edge. Objects without a clean mea-
surement of the centroid or cmodel flux in any
bands were similarly excluded from the sample us-
ing the following two flags: centroid sdss flags, and
cmodel flux flags. Furthermore, objects whose flux and
shape are measured based on the i band detection (i.e.,
i band forced photometry) were selected using the flag:
merge mesurement i, while objects which are not de-
blended and not unique were excluded from the sample
using the flag: detect is primary. For removing objects
with unreliable photometry, objects with SN < 5 in
any bands were excluded from the sample. Objects
with insufficient exposures in any of the HSC 5 bands
were excluded from the sample (i.e., gcountinputs < 3,
rcountinputs < 3, icountinputs < 5, zcountinputs < 5,
or ycountinputs < 5). The GAMA09H region includes
objects with photometry that was not properly done
due to too good seeing. We excluded these objects
from the HSC clean sample by adopting a criterion of
Decl. < 2.5 deg. We also excluded objects in some
patches where the color sequence of Galactic stars
(with iPSF < 22) showed a significant deviation from
the expectation of the Gunn-Stryker stellar library
(Gunn & Stryker 1983); see Aihara et al. (2018b) and
Akiyama et al. (2018) for more details. Consequently,
16,680,947 objects were left as the HSC clean sample.
The VIKING DR2 catalog contains 46,270,162 ob-
jects. Following Toba et al. (2015), we created the
VIKING clean sample. Specifically, objects which are
not unique were excluded from the VIKING clean sam-
ple using a criterion of “primary source = 1”. Ob-
jects affected by significant noises were also excluded
from the VIKING clean sample using a criterion of
“kspperrbits = 0”. Further, objects with SN < 5
in the Ks band were excluded from the VIKING clean
sample. Consequently, 13,455,180 objects were left as
the VIKING clean sample.
The ALLWISE catalog contains 747,634,026 objects.
We created the ALLWISE clean sample: objects with
inadequate photometry because of significant noise were
excluded from the ALLWISE clean sample by adopting
the criteria of “w4sat = 0” and “w4cc map = 0”.
Objects with SN < 3 (that corresponds to ∼2 mJy) in
the W4 band were also excluded from the ALLWISE
clean sample. Consequently, 9,439,990 objects were left
as the ALLWISE clean sample.
2.1.3. Crossmatching and selection
We crossmatched the clean samples to select IR-bright
DOGs. The overlap region is ∼ 105 deg2 in total. One
problem with crossmatching the HSC objects with the
WISE objects is that the angular resolution of the HSC
image is significantly different from the angular resolu-
tion of the WISE image (the typical angular resolutions
are ∼ 0.′′6 in the HSC i band and ∼ 10′′ in the WISE
W4 band). Thus, it is difficult to cross-identify the HSC
objects and the ALLWISE objects, when one ALLWISE
object has multiple candidates for its HSC counterpart.
In this study, we utilize the fact that DOGs show a
very red optical-NIR color. The VIKING angular res-
olution (∼ 1′′) is close to the HSC angular resolution
(∼ 0.′′6). Hence, we first joined the HSC clean sample
with the VIKING clean sample, and adopted the same
optical-NIR color cut as Toba et al. (2015). Next, we
cross-identified the resulting “red” HSC objects with the
ALLWISE objects. Finally, we selected IR-bright DOGs
by adopting the definition of DOGs.
We crossmatched the HSC clean sample (16,680,947)
with the VIKING clean sample (13,455,180) using the
nearest match with a search radius of 1.0 arcsec (see
Figure 4 of Toba et al. 2015). Consequently, we selected
1,534,327 objects. However, if we performed the nearby
match with the same search radius (i.e., selecting all ob-
jects within the search radius) between the HSC and the
VIKING samples, we select 1,546,060 objects. The dif-
ference in number between objects of the nearest match
and the nearby match is 11,733 objects, which corre-
sponds to the number of possible miss-matched pairs.
However, we adopted the nearest match method because
the frequency of such possible miss-matched pairs is neg-
ligible (< 1%).
We performed an optical-NIR color cut with a crite-
rion adopted by Toba et al. (2015):
(i −Ks)AB ≥ 1.2 . (1)
With this criterion, we selected 707,924 objects (here-
after the HSC-VIKING sample).
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We crossmatched the HSC-VIKING sample (707,924)
with the ALLWISE clean sample (9,439,990) using the
nearest match with a search radius of 3.0 arcsec (see
Figure 4 of Toba et al. 2015). Consequently, we se-
lected 1,915 objects (hereafter the HSC-WISE sam-
ple). The number of matched objects with the nearby
match is 1,980, which is almost the same as the num-
ber of the nearest-matched objects (the difference is
∼ 3%). Therefore, we decided to adopt the nearest-
match method.
Finally, we adopted the following DOGs selection cri-
terion:
(i − [22])AB ≥ 7.0 . (2)
Consequently, we selected 571 IR-bright DOGs (see Fig-
ure 1).
2.2. Classification of DOGs
We classify our IR-bright DOG sample into two types
(bump DOGs and PL DOGs; see Dey et al. 2008),
based on the SED using the classification criterion of
Toba et al. (2015).
First, we assumed that each SED is described by a
power law from NIR to MIR. We fitted the MIR SED
(W2, W3, and W4) by a power law and calculated the
expected Ks band flux described by the extrapolation
from the MIR power-law fit(ffitKs ). We selected bump
DOGs by adopting the following criterion:
fKs
ffitKs
> 3, (3)
where fKs is the observed Ks band flux. Then, we clas-
sified the remaining DOGs as PL DOGs. We classified
only 308 DOGs detected in all of the W2, W3, and W4
bands with SN ≥ 2 into bump DOG and PL DOG (see
Table 4). We refer to the remaining 263 DOGs as unclas-
sified DOGs. Consequently, there are 51 bump DOGs
and 257 PL DOGs in our sample (see Table 5).
The MIR spectral index in the power-law fit (αMIR)
is expressed as follows:
fν ∝ λ
αMIR . (4)
Figure 2 shows the frequency distribution of the MIR
spectral index for bump and PL DOGs, whose mean
and standard deviation are 2.75± 0.31 and 1.87± 0.41,
respectively. This suggests that the SED in MIR is sys-
tematically steeper in bump DOGs than in PL DOGs.
However, a majority of the unclassified DOGs are ex-
pected to be bump DOGs, although a few of them might
be low-luminosity PL DOGs (see Section 4.4). We note
that the contribution of polycyclic aromatic hydrocar-
bon (PAH) emission and/or silicate absorption toWISE
Table 4. MIR detection status of the IR-bright DOGs
Status Number of objects
Detected in all of W 2, W 3, and W 4 bands 308
Detected in the W 4 band and
either of W 2 or W 3 band 216
Detected only in the W 4 band 47
Total 571
Table 5. Result of the classification
of DOGs
Type Number of objects
Bump DOGs 51
PL DOGs 257
Unclassified 263
Total 571
0 1 2 3 4
α     (W2, W3, and W4)
0
20
40
60
80
100
co
un
t
MIR
PL DOGs (257)
Bump DOGs (51)
Figure 2. The αMIR histogram. The magenta and cyan
histograms represent the bump and PL DOGs, respectively.
The numbers in parentheses indicate the number of objects.
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band fluxes would affect our classification. If we assume
that the redshift of our DOGs is about one, the mag-
nitude of W3 band is affected by the 6.2 µm, 7.7 µm,
and 8.6 µm PAH emissions, and the magnitude of W4
band is affected by the 11.2 µm PAH emission and 9.7
µm silicate absorption. Therefore, a few PL DOGs may
be SF-dominated DOGs.
3. RESULTS
3.1. Comparison of the selection results of this study
and previous studies
The total survey area of this study is ∼ 105 deg2,
which is about 12 times wider than the survey area of
Toba et al. (2015) (∼ 9 deg2). We selected 571 IR-bright
DOGs (Figure 1 and Appendix A). Our DOG sample is
about 12 times larger than the Toba et al. (2015) DOG
sample (48 objects). The higher efficiency achieved in
selecting DOGs in this study is likely because of im-
provements in the HSC pipeline, which detects faint ob-
jects more reliably. However, the number of DOGs in
this study is much smaller than the number of DOGs
recently selected by Toba et al. (2017) using the HSC
S15B catalog and the ALLWISE catalog (4,367 objects
over ∼ 125 deg2). This is partly because the survey area
of our study is limited within the VIKING field, while
Toba et al. (2017) utilized the full HSC survey region
because they did not use optical-NIR color cut. Even
within the VIKING field, we probably failed to select
some NIR-faint DOGs because of the insufficient sensi-
tivity of the VIKING data.
Figure 3 shows the i band vs. log[flux(22 µm)] di-
agram, where we compare the basic statistics of our
DOG sample with those of a previous DOG sample. In
comparison with the Toba & Nagao (2016) DOG sample
using the Sloan Digital Sky Survey (SDSS; York et al.
2000), this figure shows that most DOGs in our study
are fainter in optical (i ≃ 21 − 24) than DOGs in
Toba & Nagao (2016) (i ≃ 19 − 22), suggesting that
our DOG sample and that of Toba & Nagao (2016)
are complementary. However, the faintest limit in the
22 µm flux of our DOG sample is ∼ 2 mJy, which is
shallower than the faint limit of the DOG sample of
Toba et al. (2017) whose limit is ∼ 1.5 mJy (see Figure
2 in Toba et al. 2017). This is because the survey area
of Toba et al. (2017) includes northern fields (Decl. ∼
+40 deg) in the HSC footprint, where the depth of the
WISE survey is slightly deeper than in the equatorial
fields6.
6 http://wise2.ipac.caltech.edu/docs/release/allsky/
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Figure 3. Distribution of i band magnitudes and 22 µm
fluxes in our sample. The histograms of i band magnitude
and 22 µm flux are given at the top and right, respectively.
The filled circles and histograms in orange and red repre-
sent the HSC-WISE objects and IR-bright DOGs, respec-
tively. The blue histograms represent the WISE -SDSS ob-
jects, and the cyan histograms represent the WISE -SDSS
DOGs (Toba & Nagao 2016). Consider that the i band
magnitudes of the WISE -SDSS sample and the WISE -SDSS
DOGs in Toba & Nagao (2016) are not corrected for Galactic
extinction. The numbers in parentheses indicate the number
of galaxies in each class.
3.2. Optical color distribution
3.2.1. Comparison of the optical color between IR-bright
DOGs and other galaxy populations
We investigated the (g − z)AB color of the DOGs in
comparison with that of other galaxy populations. The
g and z bands are used to cover the widest wavelength
range possible in optical, while we avoid using shallow
y band data. The average and the standard deviation
of (g − z)AB for our DOG sample is 2.21 ± 0.95. We
also investigated the (g − z)AB color of the entire the
HSC clean sample in comparison with our DOGs. The
average and the standard deviation of (g− z)AB for the
HSC clean sample is 1.36±0.83. We show the histograms
of the (g− z)AB color of our DOG sample and our HSC
clean sample in Figure 4. This figure shows that the
(g−z)AB color of our DOG sample is significantly redder
than the (g−z)AB color of the HSC clean sample. More
surprising, the dispersion of the (g − z)AB color of our
DOG sample is much larger than that of the HSC clean
sample.
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Figure 4. The (g − z)AB frequency distributions. The blue
and the red histograms represent the HSC clean sample and
the IR-bright DOGs, respectively. The numbers in paren-
theses indicate the number of objects.
Table 6. The (g − z)AB color of each population
Population Nobj (g − z)AB Ref.
IR-bright DOGs 571 2.21±0.95
PL DOGs 257 1.82±0.89
Bump DOGs 51 2.46±0.96
HSC clean sample 16,680,947 1.36±0.83
ULIRG (z < 0.5) 96 1.34±0.48 (1)
ULIRG (z < 0.5) 8 1.36±0.65 (2)
ULIRG (0.5 < z < 1.5) 75 0.44±0.61 (2)
ULIRG (1.5 < z < 2.5) 62 0.36±0.26 (2)
HyLIRG (z < 0.5) 1 1.29 (1)
HyLIRG (z < 0.5) 2 1.36±0.24 (2)
HyLIRG (0.5 < z < 1.5) 16 0.60±0.51 (2)
HyLIRG (1.5 < z < 2.5) 14 0.34±0.20 (2)
quasar (z < 0.5) 3,347 0.95±0.48 (3)
quasar (0.5 < z < 1.5) 51,479 0.46±0.36 (3)
quasar (1.5 < z < 2.5) 80,281 0.41±0.27 (3)
Note—
(1) Kilerci Eser et al. (2014)
(2) Rowan-Robinson et al. (2013)
(3) BOSS quasar catalog DR12 (Paˆris et al. 2017)
Nobj is the number of objects
We compare the (g − z)AB color of our DOG sample
with that of other populations of galaxies (see Table 6).
Dey et al. (2008) reported that most DOGs also satisfy
the criterion of ULIRGs (i.e., 12 ≤ log [LIR/L⊙] < 13).
Therefore, it is worth comparing the optical color of
DOGs with such IR luminous populations of galax-
ies. We investigated the optical color of ULIRGs
and also hyper-luminous IR galaxies (HyLIRG; 13 ≤
log [LIR/L⊙] < 14; e.g., Rowan-Robinson 2000) se-
lected by Kilerci Eser et al. (2014) using the AKARI
data (Murakami et al. 2007). The IR galaxies stud-
ied by Kilerci Eser et al. (2014) are mostly located in
low-z (z < 0.5). For this comparison, we converted
the SDSS photometric magnitudes to the HSC photo-
metric magnitudes by adopting the equations given by
Akiyama et al. (2018) as follows:
gHSC= gSDSS − 0.074(gSDSS − rSDSS)− 0.011, (5)
zHSC= zSDSS + 0.006(iSDSS − zSDSS)− 0.006. (6)
Consequently, the average and the standard deviation
of (g − z)AB in the low-z ULIRGs are 1.34 ± 0.48, and
the (g − z)AB color of 1 HyLIRG in the sample of
Kilerci Eser et al. (2014) is 1.29 (see Table 6). Clearly
the optical color of low-z IR galaxies is much bluer than
that of our DOG sample.
Toba et al. (2017) reported that the redshift of
IR-bright DOGs is typically z ∼ 1 − 2 (see also
Toba & Nagao 2016). Thus, we investigated the HSC
(g − z)AB color of higher-z ULIRGs and higher-z
HyLIRGs at z ∼ 1− 2 using the Rowan-Robinson et al.
(2013) sample based on the data of SWIRE (Lonsdale et al.
2003). We selected ULIRGs and HyLIRGs with a secure
spec-z and a secure IR luminosity derived through tem-
plate fitting to the observed SED. We then investigated
the HSC (g − z)AB color with the conversion equations
by Akiyama et al. (2018) for ULIRGs and HyLIRGs at
z < 0.5, 0.5 < z < 1.5, and 1.5 < z < 2.5, respec-
tively. Consequently, the average of the HSC (g − z)AB
color for ULIRGs are 1.36± 0.65 (z < 0.5), 0.44± 0.61
(0.5 < z < 1.5), and 0.36 ± 0.26 (1.5 < z < 2.5), while
the average of the HSC (g − z)AB color for HyLIRGs
are 1.36 ± 0.24 (z < 0.5), 0.60 ± 0.51 (0.5 < z < 1.5),
and 0.34 ± 0.20 (1.5 < z < 2.5). Even at the redshift
of z ∼ 1 − 2, where most of the IR-bright DOGs are
expected to reside, the optical color of ULIRGs and
HyLIRGs show a much bluer color than that of DOGs.
The dispersion in the (g−z)AB color of IR-bright DOGs
is much larger than that of ULIRGs or HyLIRGs at sim-
ilar redshift.
On the other hand, the DOGs are a candidate popu-
lation of galaxies that are evolving to quasars through
gas-rich mergers (Desai et al. 2009; Bussmann et al.
10 Noboriguchi et al.
2011). Thus, it is interesting to also compare the op-
tical color of DOGs with that of quasars. We studied
the (g − z)AB color of quasars taken from the SDSS-
III baryon oscillation spectroscopic survey (BOSS,
Dawson et al. 2013) quasar catalog DR12 (Paˆris et al.
2017). We selected objects with a reliable redshift
(“ZWARNING = 0”), a relatively small error in the
derived redshift (“|ERR ZPIPE| < 0.01”), no features
of broad absorption lines (BALs) (“BAL FLAG VI =
0”), and a high confidence in the measured redshift
(“|(Z VI)− (Z PIPE)| < 0.05”). We also gave a con-
straint of SN ≥ 5 for g, r, i, and z bands of the BOSS
quasars to obtain reliable optical colors. The HSC
(g − z)AB color for the obtained quasar was calculated
again using the conversion equations of Akiyama et al.
(2018). Consequently, the obtained averages of the HSC
(g − z)AB color for the quasar sample are 0.95 ± 0.48
(z < 0.5), 0.46 ± 0.36 (0.5 < z < 1.5), and 0.41 ± 0.27
(1.5 < z < 2.5). The average of the HSC (g−z)AB color
for our DOG sample is much redder than the average
of the HSC (g − z)AB color of the BOSS quasar sample
(Table 6).
3.2.2. Fraction of PL DOGs as a function of the optical
color
To study the origin of the large dispersion in the HSC
(g − z)AB color shown in Figure 4, we investigated the
HSC (g−z)AB color and αMIR distribution for PL DOGs
and bump DOGs separately (Figure 5). The top panel
shows that the HSC (g − z)AB color distribution of PL
DOGs (1.82 ± 0.89) is bluer than that of bump DOGs
(2.46 ± 0.96). Figure 5 also shows the HSC (g − z)AB
color distribution of unclassified DOGs (2.54±0.87) that
is very similar to that of bump DOGs. This is consistent
with the idea that a large fraction of unclassified DOGs
are intrinsically bump DOGs, as already mentioned in
Section 2.2. The lower panel shows that the two popula-
tions of DOGs are located in distinct regions in the αMIR
v.s. (g − z)AB plane. Figure 6 shows the fraction of the
PL DOGs among the sum of PL and bump DOGs, and
that among the total population of DOGs (i.e., includ-
ing also unclassified DOGs) as a function of the HSC
(g − z)AB color (see also Table 7). We found a nega-
tive correlation between the HSC (g − z)AB color and
the fraction of PL DOGs, regardless of how we defined
the fraction of the PL DOG. This suggests that the PL
DOGs and bump DOGs have a systematically different
color in optical, which causes the large dispersion of the
HSC (g − z)AB color shown in Figure 4. This system-
atic difference in the HSC (g − z)AB color between PL
DOGs and bump DOGs is a major origin of the large
dispersion of the HSC (g − z)AB color of the IR-bright
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Figure 5. Distribution of (g − z)AB and αMIR of IR-bright
DOGs. The histograms of (g − z)AB frequency are given on
the top. The cyan, magenta, and black histograms represent
the PL, bump, and unclassified DOGs, respectively. The
cyan and magenta filled circles represent the PL and bump
DOGs, respectively. The numbers in parentheses indicate
the number of objects.
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Figure 6. The PL fraction as a function of the HSC (g−z)AB
color. The red and the green circles represent the PL DOGs
fraction among total (i.e., including unclassified DOGs) and
PL DOGs + bump DOGs (i.e., without unclassified DOGs),
respectively. The error bar is given based on the bimodal
statistics (see Gehrels 1986). The green circles are shifted to
(g − z)AB + 0.1 for clarity.
DOGs seen in Figure 4. We discuss this result in more
detail in Section 4.2.
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Table 7. Number of PL, bump, and unclassified DOGs for each
bin of the HSC (g − z)AB color
(g − z)AB PL DOGs Bump DOGs Unclassified Total
-0.5 ... 0.0 1 0 0 1
0.0 ... 0.5 13 1 1 15
0.5 ... 1.0 29 2 8 39
1.0 ... 1.5 62 7 21 90
1.5 ... 2.0 60 8 43 111
2.0 ... 2.5 37 7 58 102
2.5 ... 3.0 24 9 49 82
3.0 ... 3.5 19 9 42 70
3.5 ... 4.0 10 7 24 41
4.0 ... 4.5 1 1 16 18
4.5 ... 5.0 1 0 1 2
5.0 ... 5.5 0 0 0 0
3.3. Redshift Distribution of IR-bright DOGs
We obtained the photometric redshift of our DOG
sample derived with a photo-z code (MIZUKI: Tanaka
2015; Tanaka et al. 2018) using five-band HSC pho-
tometry. This photo-z code adopts the SED fitting
technique where the spectral templates of galaxies by
Bruzual & Charlot (2003) are used. Toba et al. (2017)
investigated the redshift distribution of IR-bright DOGs
using a sample with a “reliable zph” that is defined by
the following criteria:
χ2z < 1.5 (7)
and
σz/z < 0.05, (8)
where χ2z is the reduced χ
2 for the template fitting and
σz is the estimated uncertainly in the derived zph. In
this study, we adopted the same criteria as Toba et al.
(2017) for defining the reliable photometric redshift, and
investigated its distribution. Consequently, we obtained
152 DOGs with a reliable photometric redshift (Figure
7). The averages and standard deviations of the pho-
tometric redshift for all the IR-bright DOGs (i.e., in-
cluding non-reliable photometric redshift) and those for
IR-bright DOGs with a reliable photometric redshift are
zph = 1.08± 0.38 and 1.15± 0.24, respectively. This re-
liable photometric redshift (zph = 1.15± 0.24) is consis-
tent with the reliable photometric redshift of IR-bright
DOGs studied in Toba et al. (2017) (zph = 1.19± 0.30).
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Figure 7. Photometric redshift distribution of our DOG
sample. The red line represents the photometric redshift
distribution of 571 DOGs, while the black line represents
the distribution of the reliable photometric redshift of 152
DOGs.
We also investigated the distribution of the probabil-
ity distribution function (hereafter PDF) of the photo-
metric redshift for our DOGs sample (Figure 8). The
weighted mean of PDF (zPDF) of the photometric red-
shift for all the IR-bright DOGs and that for IR-bright
DOGs with a reliable photometric redshift are zPDF =
1.08 and zPDF = 1.15. There is a peak around zph ∼ 0
in zPDF of all IR-bright DOGs, but this peak is not
seen in zPDF of DOGs with a reliable zph (as seen also
in Figure 7). The zPDF of IR-bright DOGs is therefore
consistent with the photo-z distribution shown in Figure
7. Note that the photo-z distribution of our IR-bright
DOG sample is not strongly affected by the photo-z dis-
tribution of the parent sample. Figure 9 shows the fre-
quency distributions of photo-z and “reliable” photo-z
for the HSC-VIKING sample (see Figure 1), whose av-
erages and the standard deviations are zph = 0.78±0.34
and 0.90 ± 0.23 respectively. The peak and the entire
shape are systematically different between the IR-bright
DOGs and HSC-VIKING samples.
As we are now studying the optical color in the ob-
served frame, it may introduce systematic uncertainties
if the redshift distribution of PL DOGs and that of bump
DOGs is systematically different. Therefore, we inves-
tigate the distribution of the photometric redshift of
PL DOGs and that of bump DOGs separately (Figures
10 and 11). The average and the standard deviation
of the photometric redshift for all the PL DOGs (i.e.,
including non-reliable photometric redshift) and those
for PL DOGs with a reliable photometric redshift are
zph = 1.14± 0.44 and 1.22± 0.22, respectively. The av-
erage and the standard deviation of the photometric red-
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Figure 8. Average probability distribution function (PDF)
of the photometric redshift of our DOG sample. The red line
represents the average PDF of 571 DOGs, while the black line
represents the average PDF of 152 DOGs with the reliable
photometric redshift. The histograms are normalized by the
peak of each histogram.
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Figure 9. Photometric redshift distribution of our HSC-
VIKING sample. The red line represents the photometric
redshift distribution of 707,924 HSC-VIKING sample, while
the black line represents the distribution of the reliable pho-
tometric redshift of 180,223 HSC-VIKING sample.
shift for all the bump DOGs and those for bump DOGs
with a reliable photometric redshift are zph = 0.97±0.40
and 1.14 ± 0.31, respectively. We thus conclude that
there is no significant different in the photometric red-
shift between PL DOGs and bump DOGs in our IR-
bright DOG sample. We also investigate the PDF of PL
and bump DOGs (see Figures 12 and 13). The weighted
means of the photo-z PDF for all the PL DOGs, PL
DOGs with reliable photometric redshift, all the bump
DOGs, and bump DOGs with reliable photometric red-
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Figure 10. Photometric redshift distribution of our PL
DOG sample. The red line represents the photometric red-
shift distribution of 257 PL DOGs, while the black line rep-
resents the distribution of the reliable photometric redshift
of 74 PL DOGs.
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Figure 11. Photometric redshift distribution of our bump
DOG sample. The red line represents the photometric red-
shift distribution of 51 bump DOGs, while the black line
represents the distribution of the reliable photometric red-
shift of 19 bump DOGs.
shift are zPDF = 1.13, zPDF = 1.22, zPDF = 0.97, and
zPDF = 1.14, respectively. The zPDF of PL and bump
DOGs is therefore consistent with the zph distribution.
3.4. Optical color-color diagram
In the previous subsection, it is shown that the red-
shift distribution of our DOG sample is mostly dis-
tributed around z ∼ 1. At z ∼ 1, the (g − r)AB color
corresponds to the rest-UV slope at a shorter wavelength
than the 4000 A˚ break while the (r − z)AB color corre-
sponds to the amplitude of the 4000 A˚ break. There-
fore, we here investigate the color-color diagram with
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Figure 12. PDF of the photometric redshift of PL DOG
sample. The red line represents the photo-z PDF of 257 PL
DOGs, while the black line represents the photo-z PDF of
74 PL DOGs with the reliable photometric redshift. The
histograms are normalized by the peak of each histogram.
✥
✥ ✁
✥ ✂
✥ ✄
✥ ☎
✆
✥ ✥ ✝ ✆ ✆ ✝ ✁ ✁ ✝ ✞ ✞ ✝ ✂
◆
✟
✠
✡
☛
☞
✌
✍
✎
✏
✑
✠
✟
✒
☛
✒
✌
☞
✌
✓
✔
♣✕✖✗✖✘✙
❇✚✛✜ ✢✣✤✦ ✧★✩✪
❇✚✛✜ ✢✣✤✦ ✫✬✭✮ ✯✰✱✬✲✳✱✰ ✜✮✴✭✴✵✶ ✧✩✷✪
Figure 13. PDF of the photometric redshift of bump DOG
sample. The red line represents the photo-z PDF of 51 bump
DOGs, while the black line represents the photo-z PDF of
19 bump DOGs with the reliable photometric redshift. The
histograms are normalized by the peak of each histogram.
the HSC (g − r)AB vs. (r − z)AB colors. Note that we
do not use y band data because the limiting depth of
the HSC y band data is relatively shallow with respect
to the other HSC bands. Figure 14 shows the (g− r)AB
vs. (r − z)AB color-color diagram with the HSC clean
sample. The color distribution of the HSC clean sam-
ple shows 2 sequences, which correspond to the stellar
sequence (upper one) and the galaxy sequence (lower
one) respectively. As a rough separator for these two
sequences, we also show a line of (g− r)AB = (r− z)AB.
We plot our DOG sample on the same HSC (g−r)AB vs.
Figure 14. The (g− r)AB vs. (r− z)AB color-color diagram
with the HSC clean sample. The color of the dots denote
the number density of the HSC clean sample within 0.01 ×
0.01 mag2. A black arrow denotes the reddening vector at
z = 1, adopting the extinction curve of Calzetti et al. (2000).
(r − z)AB color-color diagram (Figure 15). Most DOGs
in our sample is located in the lower-right side from the
separator, i.e., (g − r)AB < (r − z)AB. In the upper-left
side from the separator, ∼ 6% of DOGs in our sam-
ple are populated and they may be Galactic stars. In
addition to this, our DOGs sample located in the lower-
right side from the separator may be also contaminated
by late-type Galactic stars because the stellar sequence
seen at (g − r)AB ∼ 1.2 extends to the lower-right side
from the separator (see Figure 14). We will discuss the
optical color properties of DOGs in our sample more in
Section 4.3.
4. DISCUSSION
4.1. Selection effects
First, we discuss the influence of the adopted order
for (i − Ks)AB and (i − [22])AB criteria in the DOGs
selection. To assess the effect of the order of each se-
lection criterion, we here try to start the DOGs selec-
tion by applying the (i− [22])AB instead of (i−Ks)AB.
We cross-match the HSC clean sample (16,680,947) with
the ALLWISE clean sample (9,439,990) by the nearest
match with a search radius of 3.0 arcsec, and select 9,539
objects. By performing the (i − [22])AB color cut, we
obtain 1,604 objects. Next, we cross-match this sample
(1,604) with the VIKING clean sample (13,455,180) by
nearest match with a search radius of 1.0 arcsec, and
select 528 objects. By performing the (i −Ks)AB color
cut, we obtain 521 objects. The number of the selected
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Figure 15. The (g− r)AB vs. (r− z)AB color-color diagram
with our DOG sample (shown by colored circles). The blue,
red, and green open circles represent our PL DOGs, bump
DOGs, and unclassified DOGs, respectively. The filled cir-
cles of those colors represent those DOGs with reliable pho-
tometric redshift. The gray contour represents the number
density of the HSC clean sample within 0.05× 0.05 mag2 in
the logarithmic scale. The number in parentheses indicates
the number of objects in each class of DOGs. The cyan cross
denotes the typical 1 σ error of the HSC color for DOGs. The
black arrow is the same as in Figure 14.
DOGs (521) is less than the number of the originally se-
lected DOGs (571; see Figure 1). However, if we adopt
this selection order, we may fail to select DOGs when we
match the HSC clean sample and ALLWISE clean sam-
ple, because non-DOGs objects may be selected by the
“nearest” criterion. Actually, if we perform the “nearby
match” (i.e., selecting all objects within the search ra-
dius) instead of the “nearest match”, 12,600 objects are
selected. When we remove the cases where more than 1
HSC source is found within 3.0 arcsec from the WISE
sources, we obtain 6,923 objects. The difference among
the nearest matching sample (9,539) and the above sam-
ple (6,923) between the HSC and the ALLWISE clean
sample is 2,616 objects. Thus, it is possible that the
nearest matching sample (9,539) contains miss-matched
sources up to 2,616 objects, and the replacement of the
order of the (i − Ks)AB with (i − [22])AB significantly
increases such miss match. Therefore, in this study, we
first apply the criteria of (i−Ks)AB, and then apply the
criteria of (i− [22])AB.
In Section 3 we reported the rest-frame optical prop-
erties of IR-bright DOGs and also their dependences on
the spectral type (bump DOGs or PL DOGs). How-
Table 8. Result of the classification
of g-or-r-undetected DOGs
Type Number of objects
Bump DOGs 6
PL DOGs 26
Unclassified 75
Total 107
ever, the selection procedure described in Section 2 may
introduce some selection effects that could affect the sta-
tistical properties of rest-frame optical properties of IR-
bright DOGs. Therefore, hereafter in this subsection,
we discuss possible selection effects especially by exam-
ining those related to the detection at the HSC optical
bands and to the optical-NIR color cut.
One possible origin of the selection effect is the crite-
rion for the HSC detection; in our selection procedure,
a significant detection at all of the five HSC bands is re-
quired. This may result in losing DOGs with a very red
color in optical, as such DOGs do not show detectable
fluxes in blue optical bands. To check this effect, we
define “izy-detected DOGs” for which we do not re-
quire the detection in the HSC g and r bands (but the
remaining criteria are the same as the main IR-bright
DOGs). There are 673 izy-detected DOGs, among
which 107 DOGs are undetected in g band and/or r
band (hereafter “g-or-r-undetected DOGs”). Such g-
or-r-undetected DOGs are not included in our original
sample (“five-band detected DOGs”). Table 8 shows
the classification result of the g-or-r-undetected DOGs.
Figure 16 shows the (i − Ks)AB histograms for five-
band detected (i.e., original) DOG sample and for g-
or-r-undetected DOG sample, respectively. The color
of (i −Ks)AB for five-band detected DOG sample and
for g-or-r-undetected DOG sample are 2.48 ± 0.60 and
3.01 ± 0.70, respectively. Because g-or-r-undetected
DOGs show a redder (i − Ks)AB color than five-band
detected DOGs, our original selection criterion requir-
ing five-band detection in the HSC image results in los-
ing DOGs with a relatively red color in the optical-NIR
range. Note that most of g-or-r-undetected DOGs cat-
egorized as unclassified DOGs are expected to be bump
DOGs (see Section 2.2). Therefore, even by considering
the effect of detection in the HSC optical bands, we still
selectively see DOGs with a blue optical color in the PL
DOG sample rather than in the bump DOG sample.
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Figure 16. The (i − Ks)AB histograms. The red and the
black lines represent the five-band detected DOG sample and
the g-or-r-undetected DOG sample, respectively. Numbers
in parentheses indicate the number of objects.
Another possible origin of the observational bias is
the criterion of (i − Ks)AB ≥ 1.2. This criterion
is introduced to reduce the mis-match between the
WISE source and the HSC source (see Section 2.1.3).
Here the adopted criterion was originally introduced
by Toba et al. (2015), by showing that all of DOGs
in Bussmann et al. (2012) satisfy this criterion. How-
ever, the DOG sample of Bussmann et al. (2012) was
selected from the NOAO Deep Wide-Field Survey (ND-
WFS) Boo¨tes field (see Dey et al. 2008) and the selected
DOGs are systematically fainter (F24 ∼ 0.3 − 1 mJy)
than our IR-bright DOGs (F22 ∼ 4 − 10 mJy; see Fig-
ure 3). Therefore, it is not clear whether the optical-IR
color properties of IR-bright DOGs are the same as IR-
fainter DOGs of Bussmann et al. (2012); in other words,
we may lose some IR-bright DOGs with a relatively blue
optical-IR color by introducing the i − Ks criterion.
To examine this possible selection effect, we construct
a sample of DOGs without adopting the i − Ks crite-
rion. Here we cross-match the HSC clean sample with
the ALLWISE clean sample. Then we remove the cases
where more than 1 HSC sources are found within 3 arc-
sec from the WISE source when we search for the opti-
cal counterpart of WISE sources to avoid mis-matches.
Through the HSC-WISE DOG selection criteria, we ob-
tain 998 DOGs WISE -HSC DOGs (hereafter WH DOG
sample). Figure 17 shows (g − z)AB color histograms
for the WH DOGs, the original IR-bright DOGs, and
the HSC clean sample. The (g − z)AB color of the WH
DOGs is 1.88± 0.96, which is systematically bluer than
the original IR-bright DOGs (2.21± 0.95; see Table 6).
On the other hand, we focus on the case where more
than one HSC source is found within 3 arcsec from the
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Figure 17. The (g − z)AB frequency distribution. The
blue, red, and magenta histograms represent the HSC clean
sample, IR-bright DOGs, and WH DOGs, respectively. The
numbers in parentheses indicate the number of objects.
WISE source. Such a case may correspond to DOGs in
a merger phase. The number of WISE -HSC DOGs in
this case is 606, and their (g− z)AB color is 1.88± 0.92,
which is almost the same as the color of the WH DOGs
with only one optical counterpart within 3 arcsec. These
considerations suggest that we are losing DOGs with a
relatively blue optical-IR color in our IR-bright DOG
selection procedure. In the following sections we used
the original IR-bright DOG sample to investigate the
optical color properties of IR-bright DOGs by keeping
this observational bias against relatively blue DOGs in
mind.
4.2. Why do PL DOGs show a bluer optical color?
Here we discuss why PL DOGs show a bluer optical
color as presented in Figures 5 and 6. First, we show
that the observed (g − z)AB color is not sensitive to
redshift (Figure 18), suggesting that a slight systematic
difference in the redshift distribution among sub-classes
of DOGs does not affect the (g−z)AB color significantly.
For the sake of discussing the origin of the bluer color of
PL DOGs, we show the mean SEDs of bump DOGs and
PL DOGs in Figure 19, where the SEDs are normalized
by the i band flux and averaged on the logarithmic scale
(i.e., the geometric mean). The normalized mean flux
of each band is given in Table 9. In the top panel of
Figure 19, the mean SED of bump DOGs clearly shows
the bump feature that is dominated by the stellar emis-
sion (Desai et al. 2009; Bussmann et al. 2011). The op-
tical bands consist of the shorter-wavelength side of the
SED, suggesting that the (g − z)AB color is determined
by the reddened stellar spectrum. However, the mean
SED of PL DOGs is consistent with a single power law
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Figure 18. Distribution of photo-z and (g − z)AB color of
our DOG sample. The blue, red, and green circles represent
our PL DOGs, bump DOGs, and unclassified DOGs, respec-
tively. The filled and open circles represent DOGs with re-
liable and unreliable photometric redshift, respectively. The
numbers in parentheses indicate the number of objects. The
cyan and orange crosses shown at the bottom of the panel
denote the typical 1 σ error for DOGs with reliable photo-z
and unreliable photo-z, respectively.
fromMIR to optical, strongly suggesting that the optical
emission is dominated by the unreddened AGN emission
(see the center panel of Figure 19). Therefore, the origin
of the optical emission is different for bump DOGs and
PL DOGs, which creates a systematic difference in the
(g − z)AB color between the two populations of DOGs.
Dey et al. (2008) proposed an evolutionary scenario,
in which gas-rich major mergers cause the SF-dominated
phase (bump DOGs) and then subsequently, the AGN-
dominated phase (PL DOGs) appears. Our results and
the scenario of Dey et al. (2008) suggest that the opti-
cal emission of DOGs is redder in the early phase after
the major merger, and the subsequent enhanced AGN
emission overlays the stellar emission in the later phase,
resulting in a blue optical color.
4.3. DOGs in the optical color-color diagram
To understand the optical color distribution of DOGs
shown in Figure 15, we compare the observed color dis-
tribution of DOGs and some galaxy spectral templates
in Figure 20. We used the E, Sbc, Scd, and Im galaxy
templates of Coleman et al. (1980). This figure sug-
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Figure 19. Mean SEDs of bump DOGs, PL DOGs, and
BluDOGs. The top, center, and bottom panels show the
mean SEDs of bump DOGs, PL DOGs, and BluDOGs, re-
spectively. The blue square, the green circle, and the red
triangle represent the HSC bands, the VIKING bands, and
the ALLWISE bands, respectively. The error bar in the ver-
tical direction denotes the standard deviation. The means
of i band flux for bump DOGs, PL DOGs, and BluDOGs
are 3.38 × 10−6 Jy, 3.16 × 10−6 Jy, and 3.09 × 10−6 Jy,
respectively. The cyan line represents a type 1 quasar tem-
plate (Polletta et al. 2007), which is shifted to redshift z=1,
and is scaled up to the 22 µm flux of the average SED for
BluDOGs.
gests that the optical color of bump DOGs is understood
through the reddened spectrum of star-forming galaxies
at 0.5 . z . 1.5, which is consistent with the picture
shown in Section 4.2, and also with the distribution of
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Table 9. i band normalized mean flux of bump DOGs,
PL DOGs, and BluDOGs
Band Bump DOGs PL DOGs BluDOGs
Nobj = 51 Nobj = 257 Nobj = 8
g 0.176 ± 0.131 0.307 ± 0.203 1.07± 0.18
r 0.435 ± 0.141 0.537 ± 0.175 0.940 ± 0.106
i 1.00 1.00 1.00
z 1.70 ± 0.34 1.64± 0.37 1.27± 0.15
y 2.37 ± 0.70 2.21± 0.71 1.55± 0.21
Z 1.39 ± 0.31 1.61± 0.43 1.16± 0.22
Y 2.12 ± 0.70 2.63± 0.83 1.97± 0.25
J 3.49 ± 1.42 4.02± 1.76 2.90± 0.65
H 5.41 ± 2.43 6.80± 3.89 6.24± 1.67
Ks 8.25 ± 3.50 10.6 ± 6.6 9.68± 3.90
W 1 14.4 ± 7.5 31.5± 23.5 16.8± 4.1
W 2 13.4 ± 7.0 59.7± 45.0 37.1± 12.1
W 3 155 ± 100 339± 243 345± 72
W 4 1110 ± 540 1310 ± 720 1180± 380
the photometric redshift (Figure 11). The optical color
distribution of PL DOGs can be understood by the ad-
ditional bluer AGN continuum emission on the reddened
stellar emission, as discussed in Section 4.2.
4.4. Blue-excess DOGs
In Section 3.2.2, we showed that PL DOGs have sys-
tematically bluer (g−z)AB color than bump DOGs. Fig-
ure 5 shows that a part of PL DOGs show very blue
(g − z)AB color, such as (g − z)AB ∼ 0.5. This is sur-
prising because this color is similar to optically selected
BOSS quasars at similar redshift (Table 6). To investi-
gate these “blue-excess DOGs” (hereafter BluDOGs) in
detail, we quantified the blueness of DOGs as follows:
First, we assumed that the optical emission covered by
HSC (from g band to y band) is described by a power
law. Then the optical spectral index in the power-law
fit (αopt) is defined as follow:
fν ∝ λ
αopt . (9)
Figure 21 shows the histogram of αopt for bump DOGs
and PL DOGs. This figure shows that PL DOGs have
flatter optical SED than bump DOGs; the averages and
standard deviations of αopt for bump DOGs and PL
DOGs are 3.60± 1.26 and 2.84± 1.31, respectively. Fi-
nally, we selected BluDOGs by adopting the following
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Figure 20. The (g− r)AB vs. (r− z)AB color-color diagram
with star templates and galaxy templates. The black filled
circles represent the star templates of Pickles (1998). The
green, the cyan, the purple, and the red lines represent the
type E, Sbc, Scd, and Im galaxy templates of Coleman et al.
(1980), respectively. The symbols represent indications of
redshift (circle, triangle, square, pentagon, and hexagon de-
note z = 0, z = 0.5, z = 1.0, z = 1.5, and z = 2.0, re-
spectively). The blue and red contours represent the num-
ber density of the PL DOGs and the bump DOGs for each
0.5 × 0.5 mag2 bin.
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Figure 21. The αopt histogram. The magenta and the cyan
histograms represent the bump DOGs and the PL DOGs.
The red dashed line represents αopt = 0.4. The numbers in
parentheses indicate the number of objects.
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criterion:
αopt < 0.4. (10)
Consequently, we select 8 BluDOGs. This corresponds
to ∼ 1% (= 8/571) among the entire IR-bright DOGs
sample. This fraction is uncertain because some likely
observational biases (discussed in Section 4.1) are not
taken into account. Regarding the nature of BluDOGs,
we examined possible neighboring foreground or back-
ground objects around BluDOGs that may cause a very
blue color to be observed. Figure 22 shows the i band
images of BluDOGs. No BluDOGs have bright objects
within 3 arcsec. Therefore, the photometric properties
of the eight BluDOGs are not significantly affected by
neighboring foreground or background objects. How-
ever, Figure 21 shows that our BluDOGs sample con-
tains one unclassified DOG. It is noteworthy that most
unclassified DOGs are thought to be bump DOGs as
discussed in Section 3.2.2. To investigate the nature of
this unclassified BluDOG (ID=4), we show the SED of
this unclassified BluDOG in Figure 23. By comparing
the SED of the unclassified DOG with the average SED
of bump and PL DOGs (Figure 19), the SED of the un-
classified DOG looks very similar to the average SED of
PL DOGs. Therefore, we conclude that this unclassified
BluDOG is also a PL DOG intrinsically. We thus con-
clude that all the BluDOGs discovered in this study are
PL DOGs.
To investigate the morphological shape of BluDOGs,
we examined the adaptive moment in the HSC-SSP
database (Akiyama et al. 2018; see also Hirata & Seljak
2003). The adaptive moment is an indicator of
the spatial extension of HSC sources, and is calcu-
lated by the algorithm described in Hirata & Seljak
(2003). In this study, we adopted the adaptive mo-
ments of “ishape hsm moments 11”, “ishape hsm psf-
moments 11”, “ishape hsm moments 22”, and “ishape -
hsm psfmoments 22” based on i band images, because
the image quality (e.g., the spatial resolution) of i band
HSC images is better than that of HSC images ob-
tained in the other photometric bands (see Aihara et al.
2018b). “ishape hsm moments 11” and “ishape hsm -
moments 22” represent the second-order adaptive mo-
ments of sources, while “ishape hsm psf-moments 11”
and “ishape hsm psfmoments 22” represent the second-
order adaptive moments of point spread functions at
each source position. The suffixes of 11 and 22 repre-
sent each perpendicular axis in each image (see, e.g.,
Yamashita et al. 2018). Using this data, we calculated
the following values:
ihsm11=
ishape hsm moments 11
ishape hsm psfmoments 11
ID = 1 ID = 2
ID = 3 ID = 4
ID = 5 ID = 6
ID = 7 ID = 8
Figure 22. HSC i band images of BluDOGs. The size of
each image is 20” × 20”. The radius of green circles is 3”.
ihsm22=
ishape hsm moments 22
ishape hsm psfmoments 22
, (11)
where ihsm11 and ihsm22 are expected to be close to
one if a source has a PSF-shape (see Akiyama et al.
2018). We adopted the geometric mean of ihsm11 and
ihsm22, and Figure 24 shows the histogram for the cal-
culated mean of ihsm11 and ihsm22. Three objects (two
PL DOGs without optically blue excess and one un-
classified DOG) do not have these values. Therefore,
we removed them from this statistical analysis because
the statistical properties of the 571 DOGs are not af-
fected significantly by removing the three objects. The
logarithmic means and standard deviations of the geo-
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Figure 23. SED of the unclassified BluDOG (ID=4). Sym-
bols are the same as in Figure 19.
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Figure 24. Histogram for the geometric mean of ihsm11 and
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represent the HSC-WISE IR-bright DOGs, PL DOGs, Bump
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the number of objects.
metric mean value for all IR-bright DOGs, PL DOGs,
Bump DOGs, and BluDOGs are 0.40±0.25, 0.31±0.21,
0.46± 0.25, and 0.15± 0.11, respectively. This suggests
that the fraction of point source is higher in PL DOGs
than in Bump DOGs, and higher in BluDOGs than in
PL DOGs. Specifically, most BluDOGs seems to be con-
sistent with point sources.
To investigate the SED of BluDOGs, we derived the
mean SED (the geometric mean flux for each band) of
BluDOGs in the same manner as described in Section
4.2. The mean SED of BluDOGs shows an extreme blue
excess as expected, at λobs < 1µm (see Table 9 and
the bottom panel of Figure 19). We also show a tem-
plate spectrum of type 1 quasars at z = 1 (Polletta et al.
2007) to Figure 19. The similarity in the spectral index
at the blue part between BluDOGs and type 1 quasars
suggests that the origin of the blue excess in BluDOGs
is the unobscured AGN emission; specifically, the leaked
AGN emission or scattered AGN emission.
Such a blue excess has also been reported for some Hot
DOGs (Assef et al. 2016). Assef et al. (2016) argued
that the Hot DOGs with a blue excess can be explained
by the leaked AGN emission, and thus the BluDOGs
in our sample seem to be a very similar population to
the blue-excess Hot DOGs. This is an interesting idea
because these populations of DOGs may correspond to
the transition phase from the dust-obscured phase to the
UV-bright quasar phase in the major-merger scenario
of Dey et al. (2008) (see also Hopkins et al. 2008). We
examined whether the BluDOGs in our sample also sat-
isfy the criteria for Hot DOGs (Eisenhardt et al. 2012;
Wu et al. 2012), which are:
W1Vega> 17.4,W4Vega < 7.7, & (W2−W4)Vega > 8.2,
(12)
or
W1Vega> 17.4,W3Vega < 10.6, & (W2 −W3)Vega > 5.3.
(13)
We found that only one object among 571 IR-bright
DOGs satisfies the criteria for Hot DOGs, and no Blu-
DOGs satisfy the criteria for Hot DOGs. Therefore, the
combination of the HSC andWISE offers a complemen-
tary path to the Hot DOG criteria for identifying very
interesting objects in terms of the co-evolution between
galaxies and SMBHs. In Assef et al. (2016), the blue ex-
cess of Hot DOGs is thought to be a leaking AGN emis-
sion scattered into our line of sight, because the X-ray
observation of blue-excess Hot DOGs shows that their
hydrogen column density is NH ∼ 6 × 10
23 cm−2. By
observing our BluDOGs with X-ray, we can understand
the origin of the blue excess which is either a directly
leaking AGN emission or a scattered AGN emission.
On the evolutionary link between BluDOGs and
quasars, it is interesting to compare the bolometric lu-
minosity (Lbol) of BluDOGs and quasars. To compare
Lbol of quasars with Lbol of BluDOGs and our entire
DOGs, we estimated the Lbol of DOGs using the conver-
sion factor of the infrared luminosity (LIR) to Lbol, and
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Table 10. Estimated LIR and Lbol for IR-bright DOGs, PL
DOGs, bump DOGs, and BluDOGs
Sample log(LIR/L⊙) log(Lbol/L⊙)
All
Reliable
photo-z All
Reliable
photo-z
All DOGs 12.8± 0.5 12.9 ± 0.2 12.9± 0.5 13.0 ± 0.2
PL DOGs 12.8± 0.6 12.9 ± 0.2 12.9± 0.6 13.1 ± 0.2
Bump DOGs 12.7± 0.7 13.0 ± 0.3 12.8± 0.7 13.1 ± 0.3
BluDOGs 13.1± 0.3 · · · 13.3± 0.3 · · ·
the average of the LIR over ν
obsLobsν ratio at ν = 22µm.
For estimating the LIR from ν
obsLobsν , we averaged the
LIR/ν
obsLobsν of the PL and bump DOGs within the
redshift range of 0.5 < z < 2.0 in Melbourne et al.
(2012), and obtained 7.5 ± 1.2 and 10.7 ± 3.0, respec-
tively. The average of the estimated log(LIR/L⊙) for
all IR-bright DOGs, PL DOGs, bump DOGs, and Blu-
DOGs are 12.8±0.5, 12.8±0.6, 12.7±0.7, and 13.1±0.3,
while the average of the estimated log(LIR/L⊙) for IR-
bright DOGs, PL DOGs, and bump DOGs with reliable
photo-z are (see Section 3.3) 12.9 ± 0.2, 12.9 ± 0.2,
and 13.0 ± 0.3, respectively (see Table 10). There are
no BluDOGs with reliable photo-z. By using the con-
version factor of Lbol = 1.4 × LIR (Toba et al. 2017),
the average of the estimated log(Lbol/L⊙) for all IR-
bright DOGs, PL DOGs, bump DOGs, and BluDOGs
are 12.9 ± 0.5, 12.9 ± 0.6, 12.8 ± 0.7, and 13.3 ± 0.3,
while the average of the estimated log(Lbol/L⊙) for IR-
bright DOGs, PL DOGs, and bump DOGs with reliable
photo-z are 13.0 ± 0.2, 13.1 ± 0.2, and 13.1 ± 0.3, re-
spectively (see Table 10). By comparing the Lbol of
our BluDOGs and entire DOGs with the characteristic
luminosity of the quasar luminosity function at redshift
∼1 in Aversa et al. (2015), we understand that the Lbol
of our BluDOGs and DOGs is roughly consistent with
the characteristic Lbol for quasars at a redshift of about
one. This suggests that DOGs harbor an obscured AGN
whose bolometric luminosity is statistically comparable
to typical quasars.
Finally, we discuss the lifetime of BluDOGs. In
Narayanan et al. (2010), the lifetime of DOGs at red-
shift ∼2 is inferred to be ∼70 Myr (the lifetimes of bump
DOGs and PL DOGs are estimated to be 30 Myr and
40 Myr, respectively). This inferred lifetime of DOGs
is consistent with the lifetime of the IR-bright DOGs
(∼50 Myr) estimated by Toba et al. (2017). Assuming
the lifetime of DOGs to be ∼70 Myr, the lifetime of Blu-
DOGs is naively estimated to be ∼1 Myr, given the fact
that the abundance of BluDOGs among entire DOGs
is roughly 1%. This timescale seems too short if Blu-
DOGs are the only population corresponding to galax-
ies in a blowing-out phase. Therefore, we speculate that
the BluDOGs occupy only a small fraction of the en-
tire population of galaxies experiencing the blowing-out
of the optically thick dusty interstellar medium (ISM).
Another likely population corresponding to galaxies in
the blowing-out phase is the extremely red quasar stud-
ied by Ross et al. (2015) (see also Section 1), because
their SED shows some features of quasars at optical,
and also a very red color between optical and mid-IR.
However, the relation between the BluDOG and the ex-
tremely red quasar is unclear. Both the BluDOGs and
the extremely red quasars should be spectroscopically
studied in a statistical manner for revealing the nature
of galaxies at the blowing-out phase in the so-called gas-
rich major merger scenario.
5. CONCLUSION
We selected 571 IR-bright DOGs using the HSC S16A
catalog, the VIKING DR2 catalog, and the ALLWISE
catalog. The main results from the statistical analysis
of the IR-bright DOGs are as follows:
1. The (g−z)AB color distribution of DOGs is signifi-
cantly redder than that of ULIRGs, HyLIRGs, and
quasars at similar redshift with a large dispersion.
2. The (g − z)AB color of the PL DOGs are bluer
than that of the bump DOGs. This is explained
by the reddened stellar optical emission seen in
bump DOGs, but it is overlaid by the power-law
emission in the PL DOGs.
3. We identified eight IR-bright DOGs showing an
extreme blue excess (BluDOGs). This population
seems to be similar to the blue-excess hot DOGs
reported by Assef et al. (2016), and is likely a very
interesting population corresponding to the phase
of transition from the dust-obscured phase to the
optically thin quasar phase in major-merger sce-
narios.
The authors gratefully acknowledge the anonymous
referee for a careful reading of the manuscript and
very helpful comments. This study is based on data
collected at the Subaru Telescope and retrieved from
the HSC data archive system, which is operated by
the Subaru Telescope and Astronomy Data Center at
the National Astronomical Observatory of Japan. The
Hyper Suprime-Cam (HSC) collaboration includes the
Optical properties of IR-bright DOGs viewed with Subaru HSC 21
astronomical communities of Japan and Taiwan, and
Princeton University. The HSC instrumentation and
software were developed by the National Astronom-
ical Observatory of Japan (NAOJ), the Kavli Insti-
tute for the Physics and Mathematics of the Universe
(Kavli IPMU), the University of Tokyo, the High En-
ergy Accelerator Research Organization (KEK), the
Academia Sinica Institute for Astronomy and Astro-
physics in Taiwan (ASIAA), and Princeton University.
Funding was contributed by the FIRST program from
Japanese Cabinet Office, the Ministry of Education,
Culture, Sports, Science and Technology (MEXT), the
Japan Society for the Promotion of Science (JSPS),
Japan Science and Technology Agency (JST), the Toray
Science Foundation, NAOJ, Kavli IPMU, KEK, ASIAA,
and Princeton University. The Pan-STARRS1 Sur-
veys (PS1) have been made possible through contri-
butions of the Institute for Astronomy, the Univer-
sity of Hawaii, the Pan-STARRS Project Office, the
Max-Planck Society and its participating institutes, the
Max Planck Institute for Astronomy, Heidelberg and
the Max Planck Institute for Extraterrestrial Physics,
Garching, The Johns Hopkins University, Durham Uni-
versity, the University of Edinburgh, Queen’s Univer-
sity Belfast, the Harvard-Smithsonian Center for As-
trophysics, the Las Cumbres Observatory Global Tele-
scope Network Incorporated, the National Central Uni-
versity of Taiwan, the Space Telescope Science Insti-
tute, the National Aeronautics and Space Administra-
tion under Grant No. NNX08AR22G issued through
the Planetary Science Division of the NASA Science
Mission Directorate, the National Science Foundation
under Grant No. AST-1238877, the University of Mary-
land, and Eotvos Lorand University (ELTE). This pa-
per makes use of software developed for the Large Syn-
optic Survey Telescope. We thank the LSST Project
for making their code available as free software at
http://dm.lsstcorp.org. This publication has made use
of data from the VIKING survey from VISTA at the
ESO Paranal Observatory, programme ID 179.A-2004.
Data processing has been contributed by the VISTA
Data Flow System at CASU, Cambridge and WFAU,
Edinburgh. This publication makes use of data products
from the Wide-field Infrared Survey Explorer, which
is a joint project of the University of California, Los
Angeles, and the Jet Propulsion Laboratory/California
Institute of Technology, funded by the National Aero-
nautics and Space Administration. This research was
supported by a grant from the Hayakawa Satio Fund
awarded by the Astronomical Society of Japan. This
study was financially supported by the Japan Soci-
ety for the Promotion of Science (JSPS) KAKENHI
16H01101, 16H03958, 17H01114 (T.Nagao), 18J01050
(Y.Toba) 15H02070, and 16K05296 (Y.Terashima).
REFERENCES
Abazajian, K., Adelman-McCarthy, J. K., Agu¨eros, M. A.,
et al. 2004, AJ, 128, 502
Aihara, H., Arimoto, N., Armstrong, R., et al. 2018a,
PASJ, 70, S4
Aihara, H., Armstrong, R., Bickerton, S., et al. 2018b,
PASJ, 70, S8
Akiyama, M., He, W., Ikeda, H., et al. 2018, PASJ, 70, S34
Arnaboldi, M., Neeser, M. J., Parker, L. C., et al. 2007,
The Messenger, 127
Assef, R. J., Walton, D. J., Brightman, M., et al. 2016,
ApJ, 819, 111
Aversa, R., Lapi, A., de Zotti, G., Shankar, F., & Danese,
L. 2015, ApJ, 810, 74
Axelrod, T., Kantor, J., Lupton, R. H., & Pierfederici, F.
2010, in Proc. SPIE, Vol. 7740, Software and
Cyberinfrastructure for Astronomy, 774015
Bosch, J., Armstrong, R., Bickerton, S., et al. 2018, PASJ,
70, S5
Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000
Bussmann, R. S., Dey, A., Borys, C., et al. 2009, ApJ, 705,
184
Bussmann, R. S., Dey, A., Lotz, J., et al. 2011, ApJ, 733, 21
Bussmann, R. S., Dey, A., Armus, L., et al. 2012, ApJ, 744,
150
Calzetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ,
533, 682
Coleman, G. D., Wu, C.-C., & Weedman, D. W. 1980,
ApJS, 43, 393
Cutri, R. M., & et al. 2014, VizieR Online Data Catalog,
2328
Dalton, G. B., Caldwell, M., Ward, A. K., et al. 2006, in
Proc. SPIE, Vol. 6269, Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series,
62690X
Davies, R. I., Mu¨ller Sa´nchez, F., Genzel, R., et al. 2007,
ApJ, 671, 1388
Dawson, K. S., Schlegel, D. J., Ahn, C. P., et al. 2013, AJ,
145, 10
Desai, V., Soifer, B. T., Dey, A., et al. 2009, ApJ, 700, 1190
Dey, A., Soifer, B. T., Desai, V., et al. 2008, ApJ, 677, 943
Driver, S. P., Norberg, P., Baldry, I. K., et al. 2009,
Astronomy and Geophysics, 50, 5.12
22 Noboriguchi et al.
Driver, S. P., Hill, D. T., Kelvin, L. S., et al. 2011,
MNRAS, 413, 971
Eisenhardt, P. R. M., Wu, J., Tsai, C.-W., et al. 2012, ApJ,
755, 173
Fiore, F., Grazian, A., Santini, P., et al. 2008, ApJ, 672, 94
Furusawa, H., Koike, M., Takata, T., et al. 2018, PASJ, 70,
S3
Gehrels, N. 1986, ApJ, 303, 336
Gonza´lez-Ferna´ndez, C., Hodgkin, S. T., Irwin, M. J., et al.
2018, MNRAS, 474, 5459
Gu¨ltekin, K., Richstone, D. O., Gebhardt, K., et al. 2009,
ApJ, 698, 198
Gunn, J. E., & Stryker, L. L. 1983, ApJS, 52, 121
Hirata, C., & Seljak, U. 2003, MNRAS, 343, 459
Hopkins, P. F. 2012, MNRAS, 420, L8
Hopkins, P. F., Hernquist, L., Cox, T. J., et al. 2006, ApJS,
163, 1
Hopkins, P. F., Hernquist, L., Cox, T. J., & Keresˇ, D. 2008,
ApJS, 175, 356
Ivezic, Z., Tyson, J. A., Abel, B., et al. 2008, ArXiv
e-prints, arXiv:0805.2366
Jarrett, T. H., Cohen, M., Masci, F., et al. 2011, ApJ, 735,
112
Kilerci Eser, E., Goto, T., & Doi, Y. 2014, ApJ, 797, 54
Komiyama, Y., Obuchi, Y., Nakaya, H., et al. 2018, PASJ,
70, S2
Kormendy, J., & Ho, L. C. 2013, ARA&A, 51, 511
Lonsdale, C. J., Smith, H. E., Rowan-Robinson, M., et al.
2003, PASP, 115, 897
LSST Science Collaboration, Abell, P. A., Allison, J., et al.
2009, ArXiv e-prints, arXiv:0912.0201
Lupton, R., Gunn, J. E., Ivezic´, Z., Knapp, G. R., & Kent,
S. 2001, in Astronomical Society of the Pacific
Conference Series, Vol. 238, Astronomical Data Analysis
Software and Systems X, ed. F. R. Harnden, Jr., F. A.
Primini, & H. E. Payne, 269
Madau, P., & Dickinson, M. 2014, ARA&A, 52, 415
Magnier, E. A., Schlafly, E., Finkbeiner, D., et al. 2013,
ApJS, 205, 20
Magorrian, J., Tremaine, S., Richstone, D., et al. 1998, AJ,
115, 2285
Marconi, A., & Hunt, L. K. 2003, ApJL, 589, L21
Matsuoka, K., Nagao, T., Maiolino, R., et al. 2017, A&A,
608, A90
Melbourne, J., Soifer, B. T., Desai, V., et al. 2012, AJ, 143,
125
Miyazaki, S., Komiyama, Y., Nakaya, H., et al. 2012, in
Proc. SPIE, Vol. 8446, Ground-based and Airborne
Instrumentation for Astronomy IV, 84460Z
Miyazaki, S., Komiyama, Y., Kawanomoto, S., et al. 2018,
PASJ, 70, S1
Murakami, H., Baba, H., Barthel, P., et al. 2007, PASJ, 59,
S369
Narayanan, D., Dey, A., Hayward, C. C., et al. 2010,
MNRAS, 407, 1701
Paˆris, I., Petitjean, P., Ross, N. P., et al. 2017, A&A, 597,
A79
Pickles, A. J. 1998, PASP, 110, 863
Pierre, M., Pacaud, F., Adami, C., et al. 2016, A&A, 592,
A1
Polletta, M., Tajer, M., Maraschi, L., et al. 2007, ApJ, 663,
81
Richards, G. T., Strauss, M. A., Fan, X., et al. 2006, AJ,
131, 2766
Ross, N. P., Hamann, F., Zakamska, N. L., et al. 2015,
MNRAS, 453, 3932
Rowan-Robinson, M. 2000, MNRAS, 316, 885
Rowan-Robinson, M., Gonzalez-Solares, E., Vaccari, M., &
Marchetti, L. 2013, MNRAS, 428, 1958
Sanders, D. B., & Mirabel, I. F. 1996, ARA&A, 34, 749
Sanders, D. B., Soifer, B. T., Elias, J. H., et al. 1988, ApJ,
325, 74
Schlafly, E. F., Finkbeiner, D. P., Juric´, M., et al. 2012,
ApJ, 756, 158
Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ,
500, 525
Tanaka, M. 2015, ApJ, 801, 20
Tanaka, M., Coupon, J., Hsieh, B.-C., et al. 2018, PASJ,
70, S9
Toba, Y., & Nagao, T. 2016, ApJ, 820, 46
Toba, Y., Nagao, T., Strauss, M. A., et al. 2015, PASJ, 67,
86
Toba, Y., Nagao, T., Kajisawa, M., et al. 2017, ApJ, 835, 36
Tonry, J. L., Stubbs, C. W., Lykke, K. R., et al. 2012, ApJ,
750, 99
Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al.
2010, AJ, 140, 1868
Wu, J., Tsai, C.-W., Sayers, J., et al. 2012, ApJ, 756, 96
Yamashita, T., Nagao, T., Akiyama, M., et al. 2018, ApJ,
866, 140
York, D. G., Adelman, J., Anderson, Jr., J. E., et al. 2000,
AJ, 120, 1579
Optical properties of IR-bright DOGs viewed with Subaru HSC 23
APPENDIX
A. CATALOG OF DOGS IN THIS STUDY
In Table 11, we list photometric data (ID, R.A., Decl., magnitudes and those errors in each band, photo-z, and
classification) of the DOGs studied in this paper. The sample of DOGs is selected from a combining catalog using
the HSC, VIKING, and ALLWISE clean samples (see Section 2.1), and includes 571 DOGs (51 Bump DOGs, 257 PL
DOGs, and 263 Unclassified DOGs).
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Table 11. Catalog of DOGs in this study
HSC ID R.A. (J2000) Decl. (J2000) g r i z y Z
(1) (2) (3) (4) (5) (6) (7) (8) (9)
HSC J021647.48−041334.6 34.19785 −4.22628 24.23 ± 0.03 23.44 ± 0.03 22.59 ± 0.01 21.89 ± 0.01 21.70 ± 0.02 22.16 ± 0.16
HSC J021656.62−051005.4 34.23591 −5.16816 24.05 ± 0.03 23.64 ± 0.03 23.00 ± 0.01 22.43 ± 0.01 22.20 ± 0.03 22.28 ± 0.14
HSC J021718.52−034350.1 34.32716 −3.73057 24.96 ± 0.07 24.08 ± 0.06 23.78 ± 0.04 23.29 ± 0.06 23.22 ± 0.11 · · ·
HSC J021729.07−041937.6 34.37111 −4.32712 22.40 ± 0.01 21.85 ± 0.01 21.30 ± 0.00 20.91 ± 0.00 20.71 ± 0.01 20.75 ± 0.05
HSC J021742.81−034531.0 34.42836 −3.75861 24.31 ± 0.03 23.74 ± 0.04 23.36 ± 0.02 23.14 ± 0.03 23.28 ± 0.07 22.37 ± 0.19
HSC J021749.02−052306.7 34.45423 −5.38521 23.47 ± 0.02 22.70 ± 0.01 22.00 ± 0.01 21.56 ± 0.01 20.46 ± 0.01 21.68 ± 0.09
Y J H Ks W 1 W 2 W 3 W 4 Photo-z DOG classification
(10) (11) (12) (13) (14) (15) (16) (17) (18) (19)
· · · · · · 21.78 ± 0.38 21.07 ± 0.21 20.53 ± 0.21 · · · · · · 15.48 ± 0.35 0.96 ± 0.05 u
21.60 ± 0.16 21.52 ± 0.18 20.80 ± 0.17 20.81 ± 0.16 19.27 ± 0.07 18.35 ± 0.06 17.05 ± 0.23 15.49 ± 0.36 1.11 ± 0.04 p
· · · · · · · · · 20.82 ± 0.17 19.27 ± 0.07 19.02 ± 0.12 17.75 ± 0.43 14.94 ± 0.23 0.39 ± 0.13 p
· · · 20.68 ± 0.15 20.48 ± 0.12 19.90 ± 0.07 18.93 ± 0.06 17.94 ± 0.05 15.68 ± 0.07 14.04 ± 0.12 0.95 ± 0.05 p
· · · · · · · · · 21.00 ± 0.20 20.22 ± 0.16 19.32 ± 0.16 16.56 ± 0.14 14.88 ± 0.24 0.64 ± 0.21 p
20.65 ± 0.07 20.62 ± 0.08 20.17 ± 0.10 19.24 ± 0.04 17.70 ± 0.03 16.73 ± 0.03 15.21 ± 0.05 14.15 ± 0.14 1.47 ± 0.01 p
Note—Column (1): Object ID named based on the coordinates of HSC-SSP. Column (2)–(3): Object coordinates in HSC-SSP
in units of degree. Column (4)–(17): Photometric magnitudes in HSC-SSP (grizy), VIKING (ZY JHKs), and WISE (W 1−4)
in units of AB magnitude. The VIKING and WISE magnitudes were converted from Vega magnitude using the conversion
factors (Gonza´lez-Ferna´ndez et al. 2018; Jarrett et al. 2011). The HSC and VIKING data were corrected for Galactic
extinction (Schlegel et al. 1998). Non-detection and non-observation are represented as “· · ·”. Column (18): Photometric
redshift estimated with the HSC MIZUKI code (Tanaka 2015; Tanaka et al. 2018). Column (19): Classification of DOG
types. “p”, “b”, and “u” mean PL DOGs, Bump DOGs, and unclassified DOGs, respectively (see Section 2.2 for details). For
BluDOGs, its BluDOG ID marked in Figure 22 is also provided as a suffix. The selection of BluDOGs is described in Section 4.4.
(This catalog data is available in its entirety in the online journal and the VizieR catalog service. A portion is
shown here for introducing the catalog.)
